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STUDIES  OF  MICROWAVE  GAS  DISCHARGES  -  H 


T.  M.  Shaw 


L  INTRODUCTION 

This  report  contains  further  results  of  a  study  of  some  of  thr  facte,  „  that 
influence  the  production  of  atoms  from  simple  diatomic  gases  in  a  gas 
discharge  maintained  with  microwave  power.  The  report  also  presents 
information  concerning  the  me  asurement  of  atom  concentrations  by  the 
application  of  electron  paramagnetic  resonance  (EPR)  techniques.  Most 
of  the  material  presented  supplements  the  results  contained  in  an  earlier 
report  (TlS  R58ELM  115)*  hereinafter  referred  to  as  I,  which  should  be 
consulted  for  details  of  the  earlier  work. 

The  major  topics  considered  in  the  present  report  are  the  following: 

1)  the  use  of  electron  paramagnetic  resonance  (EPR) 
techniques  for  the  quantitative  measurement  of  the 
number  of  atoms  produced  ir»  a  hydrogen  discharge, 

3)  the  influence  of  water  vapor  on  the  production  of  atoms 
in  a  microwave  discharge  in  hydrogen, 

3)  the  measurement  of  the  densitj  of  electrons  and  the  collision 
frequency  of  electrons  irs  a  hydrogen  discharge,  and  the 
correlation  of  these  factors  with  the  production  c.f  hydrogen 
atoms. 
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THE  APPLICATION  OF  ELECTRON  PARAMAGNETIC  RESONANCE 


(EPR)  TO  THE  STUDY  OF  ATOM  PRODUCTION  IN  A  GAS  DISCHARGE 


In  the  previous  work,  I,  EPR  spectroscopy  was  used  primarily  as  a  means 
of  establishing  the  absolute  rate  of  production  of  hydrogen  atoms  in  a 
microwave  gas  discharge.  EPR  and  calorimetric  measurements  were 
performed  simultaneously  to  make  a  direct  comparison  of  atom  density 

I 

and  thus  to  establish  a  calibration  of  the  calorimeter  which  was  used  for 
the  routine  measurement  of  atom  production. 

As  a  result  of  the  experience  gained  with  the  EPR  method  in  I,  the  present 
program  was  directed  toward  three  areas.  1)  Improvement  of  accuracy 
was  sought  in  the  quantitative  measurement  of  atom  concentration  based 
on  the  intensity  of  EPR  signals.  2)  A  high  frequency  modulation 
spectrometer  was  applied  to  the  problem  of  reducing  the  time  required 
to  achieve  a  satisfactory'  EPR  signal.  Such  an  improvement  would  per¬ 
mit  the  use  of  EPR  techniques  for  the  measurement  of  atom  concentrations 
in  situations  where  the  atom  concentration  is  changing  rapidly.  3)  EPR 
techniques  were  applied  to  the  study  of  atom  diffusion. 

A.  Quantitative  Measurement  of  Atom  Concentration 


On  the  basis  of  the  direct  comparison  between  EPR  measurements  and 
calorimeter  measurements  discussed  in  I,  it  was  concluded  that  the 
accuracy  of  the  EPR  measurements  was  poor  because  of  some  anomaly 
associated  with  the  use  of  solid  diphenyl  picryl  hydrazyl  (DPH)  as  a 
reference  standard  of  EPR  intensity.  It  appeared  that  the  number  of 
unpaired  electrons  in  the  standard  was  approximately  one-half  of  the 
expected  amount.  Asa  re-tuit,  the  atom  concentration  obtained  from  the 
EPR  measurements  was  consistently  about  twice  as  large  as  the  calori¬ 
metric  result. 


•  *4.’ 


Although  in  principle  it  is  not  necessary  to  use  a  reference  substance 

to  make  EPR  intensity  measurements,  a  reference  material  is  usually 

employed  because  of  the  difficulty  of  making  measurements  of  the  micro- 

wave  and  related  electrical  parameters  required  for  an  independent 

2 

determination  of  intensity. 

A  survey  of  readily  available  solids  which  have  properties  such  as  an 
appropriate  EPR  line  width  and  spin  concentration  which  make  them 
suitable  for  a  permanent  reference  standard  showed  that  none  were 
well  suited.  Further  consideration  of  the  problem  showed  that  standard¬ 
ization  might  be  accomplished  more  readily  by  a  calibrator  similar  to 
the  Watkins-Pound  calibrator'"  used  at  r-f  frequencies  for  nuclear  mag¬ 
netic  resonance  measurements.  Such  a  device  would  serve  as  a  second¬ 
ary  intensity  standard  and,  for  narrow  EPR  lines  at  least,  would  allow 
intensity  measurements  to  be  made  solely  in  terms  of  the  pertinent 
microwave  electrioal  parameters. 


In  a  conventional  microwave  spectrometer  of  the  type  used  in  EPR 

spectroscopy,  the  signal  observed  arises  from  a  change  in  the  Q  of 

a  resonant  cavity  which,  in  turn,  results  from  a  change  inX"  the 

imaginary  part  of  the  complex  magnetic  susceptibii  >v  of  the  para- 
2 

magnetic  material.  In  a  spectrometer  employing  reflection  type 
cavity, the  change  in  Q  is  manifest  by  a  change  in  the  voltage  reflected 
from  the  cavity.  ^ 


It  was  found  that  the  EPR  signal  can  be  simulated  !n  a  nut-iber  of  ways. 
The  scheme  finally  adopted  utilizes  a  small  rotating  metal  dipole  to 
produce  a  reflected  voltage  in  the  spectrometer  circuits  synchronous 
with  the  voltage  reflected  from  the  EPR  sample  ca  Mty.  The  dipole 
la  ’  otated  by  a  1500  rpm  motor  driven  by  the  50  cp»  tf-'etrometer 
modulate.'.-.  The  frequency  of  the  reflected  voltage  c  :rr.  spends  to 
twice  the  frequency  of  rotation.  The  dipole  signo’  Is  .  oupted  into  the 


spectrometer  microwave  circuits  by  means  of  a  calibrated  directional 
coupler  and  may  be  used  to  place  a  calibration  marker  on  the  recorder 
chart  at  any  time.  This  calibration  marker  is  obtained  under  identical 
conditions  of  spectrometer  operation  as  used  in  recording  the  unknown 
EPR  sgnai.  A  detailed  description  of  the  calibration  procedure  is 
given  in  the  appendix.  As  shown  there,  by  means  of  a  single  graphical 
integration  of  the  recorded  derivative  of  the  EPR  absorption  in  con¬ 
junction  with  the  calibration  data  from  the  calibrator,  one  obtains 
X"  *X"(H),  the  imaginary  part  of  the  paramagnetic  susceptitility 
as  a  function  of  the  static  magnetic  field  strength,  H. 


The  num’  as  .'S  paramagnetic  molecules  per  unit  volume  in  the  sample, 

•  2 
N  ,  is  •.  .  ucd  from X'  by  means  of  the  relations. 


V. 


SkTXo/WbJS  +  1) 


(1) 


and 


eo 

"  (2 r/fu)/  X”dH, 

Jq 


(2) 


where 


a 


i 


XQ  is  the  static  susceptibility, 

y  is  the  electron  gyromagnetic  ratio  equal  to  g  j)l  7? 
u  is  the  angular  frequency  of  the  linearly  polarized 
microwave  magnetic  field, 
is  Planck’s  constan;  divided  by  2jr, 
k  Is  Boltzmann  constant, 

S  is  spin  quantum  number, 

T  is  absolute  temperat-ire. 
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Equation  (2)  which  relates  XQ  and  X"  can  be  derived  fro'3  the  Kramers- 
Kronig  relation 


subject  to  the  restriction  that  the  reaowco  If  sufficiently  narrow 
with  respect  to  frequency  that  (1/u )  may  be  'aken  outside  the  integral.  * 

Then,  making  use  of  the  resonance  relation  v  =  7 II,  equation  (2)  follows. 

The  use  of  equation  { 2 )  la  also  justifiable  for  magnetic  resonances  satis- 

6 

fying  the  Bloch  equations. 

Application  c£  equations  (1)  and  (2)  and  the  calibration  procedure  described 
in  the  appendix  were  made  to  obtain  the  density  of  Lvdrogen  atoms  in  the 
gas  stream  flowing  from  a  microwave  discharge  in  hydrogen.  The 
experimental  arrangement  used  is  shown  schematically  in  Figure  1, 

This  is  basically  the  same  arrangement  used  in  I  and  provides  for 
simultaneous  determine  .ion  of  the  rate  of  production  of  hydrogen  atoms 
in  the  discharge  from  the  hydrogen  EPR  resonance  and  by  a  calorimetric 
determination  from  the  energy  of  recombination.  Figure  2  shows  a  photo¬ 
graph  of  the  spectrometer  and  calorimeter.  Figure  3  is  a  closeup  of  the 
spectrometer  showing  the  microwave  components  which  ir=»!;e  up  the  calibrator. 

The  calibration  procedure  used  in  making  a  determination  of  the  density 
of  hydrogen  atoms  by  means  of  the  EPR  resonance  is  similar  to  that 
described  in  the  appendix  for  the  tests  with  manganous  sulphate.  After 
the  discharge  has  reached  steady  running  conditions,  the  curve  represent¬ 
ing  the  derivative  of  the  EPR  ’‘.bsorpt'on  is  recorded  on  the  chart  recorder, 

A  record  is  made  of  t!«e  sp.  reter  operating  conditions,  in  particular 
lx  the  modulation  amp.v  *  • ,  and  the  rate  of  change  of  the  magnetic 
sweep  field,  immediately  offer  recording  the  resonance,  the  motor- 
driven  dipole  is  started  and  the  attenuator  ahead  of  the  dipole  is  adjusted 
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FICURE  2.  PHOTOGRAPH  OF  EPR  SPECTROMETER  AND 

RECOMBINATION  CALORIMETER  ARRANGEMENT 

1.  Microwave  Bridge  and  Calibration  Equipment 

2.  Gas  Handling  Equipment 

3.  Spectrometer  Magnet 

4.  Calorimeter 
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FIGURE  3.  PHOTOGRAPH  OF  MICROWAVE  BRIDGE  AND 
CALIBRATION  EQUIPMENT 
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to  give  a  deflection  of  the  recorder  pen  of  roughly  the  same  amplitude 
as  the  peak  of  the  resonance  signal.  A  final  reading  is  taken  after 
adjusting  the  phase  shifters  in  both  the  dipole  motor-drive  circuit 
and  the  microwave  circuit  to  achieve  maximum  deflection  of  the  re¬ 
corder  pen.  Figure  4  shows  a  typical  chart  recording  of  the  EPR 
absorption  derivative  signal  for  hydrogen  atoms  and  the  calibrat 
record. 

It  is  essential,  of  course,  to  establish  that  the  EPR  absorption  signal 
is  obtained  for  conditions  of  negligible  r-f  saturation.  In  the  work  done 
^iere,  all  data  were  obtained  with  not  more  than  0.  5  milliwatt  incident 
on  the  spectrometer  cavity.  At  this  power  level,  no  evidence  for  r-f 
saturation  was  obtained. 

All  operating  parameters  for  the  spectrometer  are  maintained  constant 
vhile  recording  the  EPR  and  the  calibration  signals.  For  the  measure¬ 
ments  made  here,  a  specially  calibrated  flap  attenuator  was  used.  For 
the  highest  accuracy,  a  precision  attenuator  of  the  rotating  vane  type 
Is  recommended.  For  this  type  of  attenuator,  the  phase  shift  is 
negligible  and  the  attenuator  error  is  0. 1  db  or  less. 

Table  I  summarizes  the  results  obtained  by  an  application  of  the 
procedure  outlined  above  to  obtain  the  density  of  hydrogen  atoms  in 
the  gas  flowing  from  a  microwave  discharge  in  hydrogen.  A  compari¬ 
son  is  made  between  (n^)™,^  (the  density  of  hydrogen  atoms  in  the 
stream  as  determined  by  EPR  measurements)  and  (na)r  (the  density 
derived  from  a  calorimetric  measurement  of  N^,  the  number  of 
hydrogen  atoms  recombining  in  the  calorimeter  per  second,  the 
pressure  in  the  discharge  tube  p,  and  the  flow  rate,  F. ) 

Comparison  of  the  results  presented  in  Table  I  with  those  obtained 


FIGURE  4.  CHART  RECORD  OF  *1  LINE  FOR  ATOMIC  HYDROGEN 
AND  CALIBRATION  DATA 

(a=  recorder  pen  deflection  for  calibrator 
attenuatoi  setting  of  8  db. ) 
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earlier  when  DPH  was  used  as  an  intensity  standard  (see  Table  V  of  I) 
shows  a  significant  improvement  in  the  correlation  :  etween  the  results 
of  the  EPR  and  the  calorimetric  measurements.  However,  the  close 
agreement  of  the  numerical  values  shown  in  some  instances  is 
probably  fortuitous  since  no  account  was  taken  in  the  calculations 
of  the  loss  of  atoms  due  to  recombination  m  ihe  portion  of  the  dis¬ 
charge  tube  between  the  EPR  cavity  and  the  calorimeter.  Although 
this  loss  is  probably  less  than  ten  per  cent,  in  the  absence  of  a  specific 
correction  for  it,  (n  )_  should  be  less  than  (n 

at  Q  Ejrrt 

The  EPR  results  obtained  with  the  aid  of  the  calibrator  permit  a 
comparison  of  the  EPR  and  calorimetric  determinations  of  n  for  only 
a  limited  range  of  hydrogen  pressure  and  flow.  However,  the  good 
agreement  shown  in  Table  I  between  the  values  of  na  obtained  by  the 
two  methods  appears  to  show  that  the  calibralion  procedure  described 
in  I  is  the  source  of  the  discrepancies  reported  earlier  for  the 
calorimetric  and  EPR  methods  (see  Table  V  of  I). 

Further  support  for  this  conclusion  was  obtained  by  making,  with  the 
aid  of  the  calibrator,  an  KPR  determination  of  the  number  of  unpaired 
electrons  contained  in  a  sample  of  DPH.  i  ue  DPH  was  prepared 
according  to  the  same  procedure  used  in  making  up  the  standards 
used  for  EPR  intensity  measurements  in  the  previous  work.  The 
results  of  this  determination  showed  the  number  of  unpaired  electrons 
in  the  test  sample  to  be  only  43  per  cent  of  the  number  expected  on 
the  basis  of  the  amount  of  DPH  used  to  prepare  the  benzene  solution 
from  which  the  test  specimen  was  taken.  In  view  of  this  result,  it 
is  concluded  that  the  discrepancies  In  the  earlier  results  can  be 
attributed  to  a  loss  in  paramagnetic  activity  of  the  DPH. 
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The  EPR  spectrometer  which  was  used  in  I  and  for  the  measurements 
described  in  Section  II-A  of  this  report  is  of  the  low  frequency  modulation 
type.  In  this  spectrometer,  the  magnetic  field  is  modulated  at  a  frequency 
of  50  cps  and  noise  reduction  is  achieved  by  the  use  of  a  synchronous 
detector  in  conjunction  with  an  integration  time  of  a  few  seconds.  Thus, 
to  record  a  complete  EPR  signal  such  as  that  shown  in  Figure  4  requires 
a  time  of  a  few  minutes. 

For  many,  potential  applications  of  EPR,  it  would  be  highly  desirable  to 
reduce  the  time  required  to  obtain  a  signal.  For  example,  such  a  time 
reduction  would  make  it  possible  to  use  EPR  to  follow  rapid  changes  in 
atom  concentration  such  as  occur  when  discharge  variables  are  adjusted 
or  to  measure  the  rapid  decay  of  atom  concentration  in  recombination 
reactions. 

Recent  developments  have  shown  that  in  a  high  frequency  modulation 
2  7 

spectrometer  *  the  time  required  to  record  a  signal  can  be  reduced 

-2 

to  about  10  second.  A  brief  investigation  was  made  to  determine 
the  feasibility  of  using  this  type  of  spectrometer  for  measurement  of 
the  concentration  of  atoms  in  the  gas  phase. 

For  a  test  of  high  frequency  modulation,  the  spectrometer  described 

n 

in  l  was  modified  as  suggested  by  Bennett  et  al.  A  block  diagram  of 
the  principal  components  of  the  spectrometer  is  shown  in  Figure  5. 

Probably  the  most  critical  component  of  the  modified  spectrometer 
ia  the  sample  cavity.  The  essential  requirement  for  the  cavity  is  that 
the  walls  must  be  thin  to  provide  an  adequate  magnetic  field  at  the 
modulation  frequency  (100  kc)  at  the  sample.  At  the  same  time,  the 


FIGURE  5.  BLOCK  DIAGRAM  OF  100  kc  MODULATION  EPR  SPECTROMETER 


wall  thickness  must  be  sufficient  to  provide  a  good  conducting  path  for 

the  microvave  currents  (S250  me).  This  requirement  ha6  been  met 
7  8  9 

by  various  artifices.  *  *  For  the  experiments  reported  here,  the 
cavity.  Figure  6,  was  constructed  of  polystyrene  with  silver  plated 
interior  surfaces.  The  heavy  polystyrene  walls  serve  to  avoid  the 
microphonic  effects  observed  with  thin  metal  wall  cavities.  Unfortun¬ 
ately,  the  Q  of  the  completed  cavity  was  10“'  {•'•200)  owing  to  the 
difficulty  of  obtaining  a  continuous  surface  of  silver  on  the  polystyrene. 


'i  test  of  the  feasibility  of  the  100  kt  modulation  system  was  made 
by  recording  EPR  spectra  for  hydrogen  and  nitrogen  atoms  produced 
in  a  microwave  discharge.  The  arrangement  of  the  discharge  tube  and 
EPR  cavity  was  the  same  as  shown  in  Figure  l. 


The  results  obtained  with  the  100  kc  modulation  experiment  are  shown 
in  Figures  7  and  8.  Figure  7  shows  the  lines  for  the  atomic  hydrogen, 
together  with  a  record  of  the  Bignal  obtained  from  a  sample  of  DPH 
which  was  placed  within  the  cavity  for  calibration  purposes.  The  DPH 
was  attached  to  the  outer  wall  of  the  discharge  tube  and  was  contained 
within  the  EPR  cavity  during  the  entire  experiment.  Figure  8  shows 
similar  data  for  nitrogen  atoms  exhibiting  the  characteristic  triplet 
spectrum.  Since  the  spectra  for  the  hydrogen  and  nitrogen  atoms  and 
DPH  were  obtained  for  the  same  spectrometer  conditions,  an  estimate 
of  atom  concentration  can  be  made  readily  by  compariig  the  integrated 
intensities  of  the  spectra. 

The  results  obtained  with  the  100  kc  modulation  system  demonstrate 
the  feasibility  of  making  fast  measurements  of  atom  concentration  in 
gases  by  EPR.  Although  the  photographs  shown  in  Figures  7  and  8  are 
records  of  multiple  scans  of  the  spectrum  at  a  SO  cps  rate,  it  is  clear 
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FIGURE  6.  POLYSTYRENE  CAVITY  FOR  100  kc  MODULATION 
EXPERIMENT 


1.  Standard  X-band  Flange 

2.  4.  1.0  CM  I.  D,  Openings  To  Accept 

Discharge  Tube 

3.  Modulation  Cmlo 
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FIGURE  7.  SPECTRA.  FOR  ATOMIC  HYDROGEN  AND  SOLID  DPH 
OBTAINED  WITH  100  kc  MODULATION  SPECTROMETER 
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FIGURE  8.  SPECTRA  TOR  ATOMIC  NITROGEN  OBTAINED  W1T.I 
100  kc  MODULATION  SPECTROMETER 


that  a  record  of  a  single  trace  could  be  used  which  would  make  it 

possible  to  distinguish  changes  in  concentration  occurring  within  about 
~2 

10  second.  Experience  with  hydrogen  atoms  in  a  flow  system  has 

shown  that  the  lifetime  of  hydrogen  atoms  is  sufficiently  long  that  a 

_2 

resolution  time  of  10  second  is  adeouate  to  follow  details  of  the 
recombination  process. 

C.  Diffusion  Techniques 

An  important  application  of  EPR  spectroscopy  is  the  study  at  the 
recombination  of  atoms  on  solid  surfaces.  The  essential  advantage 
of  the  use  at  EPR  is  that  it  provides  for  the  measurement  of  the 
concentration  of  atoms  without  the  need  for  disturbing  the  system  under 
investigation,  a  problem  which  occurs,  for  example,  through  the  use  of 
thermocouple  probes  or  other  devices  of  a  similar  nature  which  may 
modify  the  local  atom  population.  Previous  experiments  showed  that 
EPR  can  be  used  to  determine  the  concentration  of  radicals  produced 
in  discharge  tubes. 11  In  these  experiments  the  gaseous  products 
from  the  discharge  are  pumped  through  a  glass  or  quartz  tube  which 
is  passed  through  the  cavity  of  an  EPR  spectrometer.  Fi'mre  1  shows 
a  typical  experimental  arrangement  that  has  been  used  for  this  pur¬ 
pose.  The  distance  between  the  region  where  the  atoms  are  produced 
and  the  EPR  cavity  is  varied  by  moving  the  discharge  cavity  along  the 
discharge  tube.  In  a  flow  system  of  this  type,  the  interpretation 
of  the  data  is  complicated  by  the  fact  that  gradients  in  the  atom  popu¬ 
lation  are  produced  both  by  the  effects  of  atom  diffusion  and  by  effecta 
due  to  mass  flow.  A  desirable  simplification  would  be  achieved  if 
flow  effects  could  be  eliminated. 

An  experiment  was  performed  to  determine  if  a  sufficiently  high  con¬ 
centration  of  hydrogen  atoms  for  observation  by  EPR  could  be  obtained 
by  diffusion  alone.  The  experimental  arrangement  used  is  shown  in 
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Figure  9.  Hydrogen  atoms  were  produced  in  a  discharge  at  a  pressure 
of  about  one  mm  Hg  and  pumped  through  a  25  rr.m  ID  tube.  At  a  distance 
of  35  mm  from  the  discharge  region,  a  6  mm  ID  tube  was  attached  to  lie.- 
larger  tube.  Both  tubes  were  coated  withDri-film  to  reduce  the  loss  of 
atoms  due  to  wall  collisions.  The  smaller  tube  passed  through  the  cavity 
of  the  EPR  spectrometer.  Thus,  the  atoms  observed  by  the  EPR  spectro¬ 
meter  were  required  to  diffuse  from  the  main  tube  an  average  distance  of 
about  3.  5  cm  into  the  side  tube.  With  this  arrangement,  EPR  lines  for 
atomic  hydrogen  were  readily  obtained  with  a  signal-to~noise  ratio  c? 

50  or  more.  A  typical  record  for  a  line  is  shown  in  Figure  10.  The 
Intensity  of  the  line  was  varied  by  changing  the  power  input  to  the  dis¬ 
charge.  The  concentration  of  hydrogen  atoms  in  the  side  tube  at  the 

15 

position  of  the  EPR  cavity  was  estimated  to  be  between  10  and 
16  3 

10  atoms/cm  .  No  signals  were  observable  in  the  same  apparatus 

before  application  of  the  Dri-film  coating.  The  experiment  demonstrates 

the  feasibility  of  using  EPR  with  the  diffusion  technique  to  study  the  re- 

12  13 

combination  cf  atoms  on  surfaces.  *  No  attempt  was  made  to  deter¬ 
mine  the  decay  of  hydrogen  atom  concentration  as  a  function  of  the  diffusion 
length,  since  the  experimental  arrangement  used  was  not  suitable  for  moving 
the  diffusion  tube  relative  to  the  EPR  cavity. 
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figure  io.  results  of  diffusion  experiment- 
tor  ATOMIC  HYDROGEN 

(a,  b,  c  are  recordings  of  the  line  for 
atomic  hydrogen  obtained  for  a  power  in¬ 
put  to  the  discharge  of  95,  60  and  45  watts, 
respectively. ) 
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III.  WATER  VAPOR  AS  A  FACTOR  IN  THE  PRODUCTION  OF  ATOMS 
IN  A  MICROWAVE  DISCHARGE  IN  HYDROGEN 

14 

Since  the  early  experiments  of  Wood,  it  has  been  recognized  that  the 

dissociation  of  hydrogen  in  an  electrical  discharge  is  strongly  influenced 

by  the  addition  of  small  amounts  of  water  vapor  to  the  hydrogen.  As 

described  in  I,  a  procedure  which  has  been  found  to  give  a  large  and 

stable  yield  of  hydrogen  atoms  consists  of  the  use  of  a  *  yer  of  Dri-film 

on  the  inner  walls  of  the  discharge  tube,  together  with  the  addition  of 

a  few  tenths  of  a  per  cent  of  water  vapor  to  the  hydrogen  supplied  to 

the  discharge.  With  dry  hydrogen,  the  yield  of  hydrogen  atoms  is  only 

15 

about  1/10  of  that  obtained  when  water  vapo^  is  present.  The  experi¬ 
ments  described  below  were  performed  in  order  to  obtain  more  informa¬ 
tion  concerning  the  role  erf  water  vapor  in  the  dissociation  process, 

A.  EPR  Spectroscopic  Observations  on  Hydn  gen  Discharge 
Prixiiic  s 

A  hydrogen  discharge  tube  was  arranged  so  that  the  discharge  could  be 
operated  on  1)  dry  hydrogen,  2)  hydrogen  containing  water  vapor  (H2C> 
or  DgO),  or  3)  water  vapor  (HgO  or  D20).  The  experimental  arrange¬ 
ment  used  is  essentially  the  same  as  that  shown  in  Figure  1  except  for 
the  addition  of  appropriate  plumbing  to  facilitate  operation  on  either 
or  both  hydrogen  and  water  vapor. 

In  g_  acral,  it  was  found  that  an  intense  EPR  spectrum  for  hydrogen  atoms 
was  obtained  when  the  discharge  was  operated  on  water  vapor  alone  or  on 
hydrogen  containing  a  small  amount  (estimated  to  be  of  the  order  of  0. 1 
per  cent)  of  either  H,^0  or  DjO.  With  dry  hydrogen  alone,  the  intensity 
of  the  hydrogen  atom  EPR  spectrum  was  reduced  by  about  10-fold.  When 
operating  on  dry  hydrogen,  the  addition  of  a  trace  of  either  or  D2O 
resulted  in  an  Immediate  Increase  in  the  intensity  of  the  hydrogen  atom 
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spectrum.  ‘Figure  11  contains  spectra  which  illustrate  some  of  the 
observations.  Figure  11a  shows  the  derivative  of  one  of  the  EPR  lines 
for  atomic  hydrogen  obtained  when  the  discharge  was  operated  on  dry 
hydrogen  at  a  pressure  of  about  0.  5  mm  Hg.  The  sequence  denoted 
b,  c,  d  etc.  in  Figure  11  shows  the  changes  in  intensity  of  the  atomic 
hydrogen  line  due  to  the  addition  of  DgO  vapor  to  the  hydrogen  supplied 
to  the  discharge.  To  observ»  changes  in  inten' 
sity  which  occur  with  the  addition  of  D20,  the  spectro¬ 
meter  was  set  on  the  peak  of  the  signal  f  or  the  hydrogen  atom 
resonance.  The  discharge  was  operated  on  dry  hydrogen  and  allowed  to 
come  to  equilibrium.  The  addition  of  a  small  quantity  of  water  vapor  {the 
pressure  change  was  not  observable)  resulted  in  an  immediate  increase  in 
signal  by  about  10-fold.  A  few  seconds  later,  the  DgO  valve  was  closed 
and  the  signal  decayed  in  a  few  minutes  to  the  original  value.  The  same 
change  in  Intensity  was  obtained  when  H20  waB  added  toi  dry  hydrogen. 

The  agreement  of  the  results  for  DgO  and  HjO  shows  that  the  increase 
in  intensity  is  not  to  be  ascribed  to  hydrogen  atoms  from  H.,0. 

B.  Operation  of  Discharge  on  Water  Vapor 

When  water  vapor  alone  was  used  to  operate  the  discharge,  the  hydrogen 

atom  EPR  spectrum  was  generi  Ty  observed.  However,  under  some 

conditions  of  pressure,  flow  rate,  and  power  input  to  the  dischar^*.,  * 

number  of  other  EPR  lines  were  observed.  O' t  group  of  lines  waF 

lfi 

Identified  as  due  to  oxygen  it  on  •.  The  other  Is  belie /ed  to  be  due 
to  a  cyclotron  resonance  of  electrons,  ^ 

C.  Oxygen  Spectra 

As  mentioned  above,  the  lines  for  atomic  oxygen  were  observed  only 
under  certain  specific  conditions  of  operation  of  the  discharge.  In 
general,  at  higher  pressures  (a  few  mm  Hg)  only  the  lines  for  atomic 
hydrogen  were  found.  For  pressures  near  0.  5  -  1.0  mm  Hg,  lines 
for  both  atomic  hydr  igen  and  oxygen  were  observed;  the  spectrum 
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for  atomic  oxygen  consisted  of  only  a  single  broad  lire.  At  lower 
pressures,  the  hydrogen  lines  disappeared  and  only  the  oxygen  line  was 
observed.  Finally,  at  a  pressure  of  about  C.  1  mm  Hg,  the  6-line 
oxygen  spectrum  became  resolved.  These  spectra  are  shown  In 
Figure  12. 

It  is  difficult  to  make  a  meaningful  interpretation  of  the  effects  of  pressure 
on  the  dissociation  of  water  vapor  in  the  discharge,  as  indicated  by  the 
spectra  thown  in  Figure  12.  In  part,  this  is  to  be  attributed  to  the  fact 
that  a  number  of  phenomena  determine  whether  or  not  a  sufficiently  high 
concentration  of  atoms  is  obtained  in  the  EPR  cavity.  In  addition  to 
pressure-dependent  dissociation  processes  in  the  discharge,  there  are 
recombination  processes  on  the  walls  and  in  the  gas  phase  which  are  also 
pressure  dependent. 

Under  some  conditions  of  pressure,  flow  rate,  and  power  input  to  the 
discharge,  a  broad  line  shown  in  Figure  13  was  observed  at  a  value  of 
the  magnetic  field  appropriate  to  the  g  =  2.  0  position,  bince  the  line  is 
not  observed  with  hydrogen  alone,  but  only  with  water  vapor  present  in 
the  discharge  gases,  consideration  was  given  to  three  possible  sources: 

1)  resonance  due  to  OH  radicals,  2)  resonance  due  to  09K  radicals, 

18  ^  18 
aa  observed  in  solids  by  Jen  and  by  Livingston  and  Zeldes,  and 

3)  cyclotron  resonance  of  electrons.  As  a  result  of  th>.  two  series  of 
experiments  described  below,  it  was  concluded  that  the  unknown  reson¬ 
ance  was  due  to  cyclotron  resonance  of  electrons. 

D.  Collision  Experiments 

In  order  to  obtain  0oII  for  possible  observation  of  the  EPK  spectrum, 
the  discharge  apparatus  was  modified  to  allow  atomic  hydrogen  pro¬ 
duced  in  the  discharge  tube  to  interact  with  molecular  oxygen  within 
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FIGURE  12 

EFFECT  OF  PRESSURE  ON  EPn 
LINES  OBSERVED  FOR  DISCHARGE 
IN  WATER  VAPOR 

(Spectra  a,  b,  and  c  were  recorded 
with  fast  magnetic  field  sweep  to 
stjow  relative  positions  of  lines  only; 
d  and  e  were  taken  with  slow  sweep. 
Examples  of  the  lires  shown  in  a  and 
b  taken  under  6low  sweep  conditions 
are  to  be  found  in  reference  1. ) 


FIGURE  13.  ESR  SPECTRUM  FOR  PRODUCTS  OF 
MICROWAVE  DISCHARGE  IN  WATER 
VAPOR.  THE  SHARP  LINES  ARE  DUE 
TO  ATOMIC  HYDROGEN 
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the  EPR  cavity.  According  to  a  study  by  Foner  and  Hudson,  the 
reaction  of  H  and  02  results  in  the  production  of  sufficient  OgH  to 
identify  by  a  mass  spectrometer. 

The  modified  gas  discharge  apparatus  is  shown  in  Figure  14.  The  diS" 
charge  is  operated  in  the  usual  way,  and  the  products  of  the  discharge 
are  pumpsd  out  of  the  discharge  and  through  the  EPR  cavity.  A  small 
diamater  tube  allows  a  foreign  gas  to  be  mixed  with  the  discharged 
gases  just  at  the  upstream  end  of  the  EPR  cavity.  Thus,  any  products 
of  the  reaction  are  immediately  (within  about  one  millisecond)  swept 
into  the  EPR  cavity  for  observation.  The  results  of  an  experiment  in 
which  oxygen,  nitrogen,  and  hydrogen  were  individually  mixed  with 
discharged  hydrogen  are  shown  in  Figure  15.  In  all  cases, EPR  lines 
were  observed  for  hydrogen  atoms  at  roughly  the  same  intensity, 
independent  of  the  presence  of  a  foreign  gas.  When  oxygen  is  Intro- 
duced,  a  broad  resonance  near  the  g  *  2.  0  position  is  observed.  The 
position  and  width  of  this  resonance  is  generally  similar  to  that  observed 
with  water  vapor  in  the  discharge. 

Measurement  of  the  g-value  of  the  broad  line  observed  with  water  vapor 
and  by  reacting  the  products  of  the  hydrogen  discharge  with  oxygen  gave 
in  all  cases  a  value  slightly  less  than  the  value  for  an  unperturbed 
electron  (g  ■  2.  0023).  The  measurements  are  summarized  in  Table  E. 
The  estimated  limit  of  error  for  the  g-value  measurement  is  +  0.  0005. 
The  g-values  found  for  the  broad  resonance  ranged  from  2.  000  to  2.  001. 


TABLE  II.  SUMMARY  OF  g-VALUES 


H„0 

2.0012 

f 

0.  0005 

2 

** 

d2° 

2,0005 

+ 

0.0005 

h  +  o2 

reaction  product 

2.  0003 

0.  0005 

a.,  ESR  spectrum  for  hydrogen  ati 
produced  in  microwave  discharge 
hydrogen . 


! 

b.  ESR  spectrum  obtained  when  p 
ducts  of  hydrogen  discharge  were 
mixed  with  molecular  oxygen. 


c.  ESR  spectrum  obtained  when  f 
ducts  of  hydrogen  discharge  were 
mixed  with  molecular  hydrogen. 


d.  ESR  spectrum  obtained  when  } 
ducts  of  hydrogen  discharge  were 
mixed  with  molecular  nitrogen. 


15.  ESR  SPECTRA 


On  the  assumption  that  the  broad  resonance  was  due  to  electrons,  it  was 
apparent  that  they  may  originate  in  two  ways.  In  one  case,  when  the 
discharge  is  operated  on  water  vapor,  the  electrons  appear  to  be  pro¬ 
duced  in  the  discharge  and  are  transported  or  drift  into  the  EPR  cavity 
where  they  interact  with  the  electric  iield  and  give  rise  to  a  broad 
cyclotron  resonance.  In  the  other  case,  interaction  c  discharged 
hydrogen  with  oxygen  results  in  production  of  electron*.  ~  irther 
discussion  of  the  electrons  which  appear  to  originate  in  the  discharge 
will  be  presented  later  in  Section  IU-E.  The  following  discussion  is 
concerned  with  the  origin  of  the  electrons  which  result  from  interaction 
cf  the  discharged  hydrogen  and  oxygen. 

Although  it  is  possible  that  electrons  may  be  produced  in  this  inter¬ 
action  by  a  number  of  different  mechanisms,  the  most  likely  one  appears 
to  be  ionization  of  molecular  oxygen  by  hydrogen  atoms  or  molecules 
excited  by  the  discharge.  The  maximum  excitation  energy  available 

for  production  of  an  oxygen  ion  and  release  of  an  electron  would  be  less 

21 

than  the  ionization  potential  of  a  hydrogen  molecule,  15.  G  ev.  Thus, 
it  would  be  expected  that  electrons  could  result  from  collisions  between 
excited  hydrogen  molecules  and  oxygen  molecules,  but  not  between 
excited  hydrogen  molecules  and  nitrogen,  since  the  ionization  potential 
of  oxygen  Is  only  12.  5  volts  while  that  of  nitrogen  is  15.  7  volts.  This 
expectation  is  in  agreement  with  what  was  observed,  as  indicated  in 
Figure  15. 

To  further  confirm  the  suggestion  that  electrons  (and  the  broad  EPR 
lines}  are  due  to  ionization  of  neutral  molecules  by  excited  species 


produced  in  the  gas  discharge,  experiments  were  performed  in  which 
the  products  of  a  helium  discharge  interacted  witr.  hydrogen,  oxygen, 
and  nitrogen.  Since  the  ionization  potential  of  helium  is  24,5  volts, 
the  maximum  energy  available  in  excited  helium  atoms  should  be 
sufficient  to  ionize  hydrogen,  oxygen,  and  nitrogen  because  the  ioni¬ 
zation  potentials  of  these  molecules  are  all  lower  than  15.  7  volts. 

This  prediction  was  confirmed  by  the  experiment, since  in  all  cases  a 
broad  resonance  at  the  g  =  2.0  position  was  observed  when  the  products 
of  the  helium  discharge  were  mixed  with  the  three  gases  mentioned. 

In  another  experiment,  the  products  of  a  discharge  in  oxygen  were 
mixed  with  nitrogen  and  hydrogen.  Ir.  this  instance,  for  oxygen  the 
maximum  excitation  energy  available  for  ionization  is  only  12.2  ev. 
Since  this  is  less  energy  than  is  required  to  ionize  hydrogen  or 
nitrogen,  no  electrons  are  to  be  expected  as  a  result  of  mixing, 
and  none  were  produced  as  demonstrated  by  the  fact  no  broad  reson¬ 
ances  were  observed  at  the  g  =  2.0  position.  The  results  of  the  above 

experiments  show  that  excited  atoms  or  molecules  which  are  produced 
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in  a  microwave  discharge  have  a  lifetime  of  at  least  10  seconds, 
since,  at  the  flow  rates  employed  in  the  experiments,  a  time  of 
this  order  Is  required  for  the  gas  to  flow  from  the  discharge  zone  to 
the  EPR  cavity. 

An  experiment  was  performed  with  the  hydrogen  discharge  to  determine 
the  depe^dei  the  intensity  of  the  broad  resonance  on  the  amount 

of  oxygen  m  with  the  products  of  the  hydrogen  discharge.  The 

results  are  shown  in  Figure  16,  Since  the  line  width  was  relatively 
constant,  it  is  satisfactory  to  use  the  height  of  the  derivative  of  the 
observed  line  as  a  measure  of  the  intensity  of  the  resonance.  The 
curve  of  h  versus  the  increase  in  total  pressure  is  j  oughly  linear 
for  the  initial  0.5  mm  change  in  pressure.  A  similar  result  was 

-32- 


- 


*  -  » 


9  »•  <  r  >  It*'*'*.  * 


w-  Tj 


Ap  (mm  tig) 


FIGURE  16  CHANGE  IN  PEAK  AMPLITUDE  AND  WIDTH  (^) 
OF  E  -  2  0  LINE  DUE  TO  ADDITION  OF  OXYGEN 


obtained  for  a  helium  discharge  upor.  the  addition  of  oxygen  to  the 
discharge  products. 

E.  Trapping  Experiments 

Some  electrons  appear  to  be  produced  in  the  discharge  in  water  vapor 
and  are  transported  or  drift  from  the  discharge  region  into  the  EPR 
cavity  where  they  interact  with  the  microwave  electric  field  and  give 
rise  to  a  broad  cyclotron  resonance.  Experiments  showed  that  these 
electrons  can  he  prevented  from  entering  the  EPR  cavity  by  the 
application  of  an  electric  field  placed  between  the  discliarge  region 
and  the  EPR  cavity.  The  arrangement  used  in  the  experiments  is 
shown  in  Figure  17.  This  apparatus  is  the  same  as  that  shown  in 
Figure  14,  but  with  the  addition  of  circuits  and  electrodes  to  apply  a 
d-c  field  for  trapping  electrons.  It  was  found  that  the  intensity 
of  the  broad  resonance  at  the  g  -  2.  0  position  could  be  influenced 
by  the  application  of  a  d-c  voltage.  The  minimum  value  which  would 
eliminate  the  g  =  2.  0  line  was  50  volts  for  a  distance  between  the  dis¬ 
charge  and  the  electrode  of  3  cm.  When  the  distance  between  the  dis¬ 
charge  and  the  electrode  was  increased  to  15  cm,  about  2000  volts  was 
required  to  eliminate  the  line.  Other  electrode  arrangements  were 
tried,  but  the  one  described  was  found  to  be  the  most  effective.  At  no 
time  was  it  found  that  the  d-c  voltage  had  an  effect  on  the  broad  line 
(described  in  Section  II1-D)  which  re  ulted  when  gas  from  the  discharge 
was  mixed  with  other  gases  in  the  EPR  cavity. 

The  following  conclusions  can  be  m.ide  from  the  experiments  desoribed. 

1)  With  a  discharge  in  vater  vapor  or  in  hydrogen  containing 
water  vapor,  electrons  ..re  piuduced  which  are  able  to  drift  into  the 
EPR  cavi';  where  they  give  rise  to  a  cyclotron  resonance  These 
electrons  can  be  trapped  or  prevented  from  entering  tne  EPR  cavity  by 
an  electrostatic  field. 
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FIGURE  17.  ARRANGEMENT  OF  GAS  DISCHARGE  TUBE  FOR  ESR  MEASUREMENTS 
SHOWING  ELECTRODE  ARRANGEMENT.  A  d-c  voltage  <vas  applied 
to  tiie  electrodes  A.  B. 
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2)  An  uncharged  but  excite  species  is  produced  in  a  discharge 

in  hydrogen,  helium,  oxygen,  and  nitrogen,  and  probably  in  other  gasea 

which  when  mixed  with  other  molecular  gases  can  cause  ionization, 

'  „? 

The  lifetime  of  the  excited  species  appears  to  be  at  least  10  seconds. 
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IV.  ELECTRON  DENSITY  AND  COLLISION  FREQUENCY 

The  primary  mechanism  for  the  produc*ion  of  free  radicals  in  an  electrical 
discharge  is  the  bombardment  of  gas  molecules  by  electrons  in  the  discharge 
plasma.  There  is,  however,  very  little  information  available  concerning 
the  interaction  between  plasma  electrons  ana  the  gas  molecules  for  the 
discharge  conditions  under  which  free  radicals  are  produced.  For  example, 
no  information  is  available  relating  the  number  and  energy  of  the  electrons 
in  a  microwave  discharge  and  the  production  of  hydrogen  atoms. 

To  pbtain  further  information  concerning  these  questions,  experiments  were 
conducted  to  determine  the  electron  density  and  the  collision  frequency  of 
electrons  in  a  30C0  m:s  discharge  and  to  relate  these  quantities  to  the 
production  of  hydrogen  atoms. 


A.  Experimental  Techniques 

The  classical  method  for  the  determination  of  the  electron  density  in  a 
discharge  utilizes  a  metallic  probe  in  contact  with  the  plasma  of  the  dis¬ 
charge.  It  was  expected  that  such  a  method  would  not  be  applicable  for 
the  present  purposes  since  the  introduction  of  a  metallic  surface  would 
catalyze  recombination  of  hydrogen  atoms.  A  test  with  platinum  and 
tungsten  probes  showed  this  expectation  to  be  correct,  since  the  yield 
of  hydrogen  atoms  dropped  essentially  to  zero  when  the  metal  probe  was 
introduced  into  the  plasma,  as  evidenced  by  inability  to  observe  an  EPR 
resonance  for  .Atomic  hydrogen.  This  approach  was  abandoned  and 
microwave  techniques  were  used  to  obtain  the  desired  info  'Mion. 


B.  Transmission  Along  a  Plasma  Column 

A  number  of  studies  have  shown  that  the  attenuation  of  a  microwave  signal 

22  23 

in  a  discharge  plasma  is  proportional  to  the  electron  density.  *  In 
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order  to  utilize  tr.is  pheoame'-a  :o  determine  tre  density  of  a  discharge  in 
hydrogen,  tr.e  waveguide  arrangement  shown  ir.  Figure  18  was  constructed. 
The  structure  was  designed  to  provide  ar.  S-bar.d  signal  to  sustain  the  dis¬ 
charge  and  to  u.ihze  the  transmission  ol  an  X'  tar.d  signal  by  the  plasma 
column  as  a  measure  of  electron  density.  Use  of  this  method  assumes 
that  microwave  energy  of  cr.e  frequency  (S-ban.d)  can  be  used  to  sustain 
a  discharge  while  a  second  microwave  signal  at  a  different  frequency 
(X-band)  can  be  used  as  a  probe  to  determine  the-  electrical  characteristics 
of  the  discharge.  The  basic  problem  *o  be  solved  was  to  provide  a  micro- 
wave  structure  in  wh.ch  the  two  microwave  signals  can  interact  with  the 
discharge  plasma  without  interfering  with  each  other. 

An  experiment  was  performed  ir.  which  terminals  2  and  4  of  the  X-iand 
guides  were  short  circuited,  and  ti  e  attenuation  of  an  X-bsnd  signal 
by  a  cylinder  of  plasma  between  terminals  1  ar.d  3  was  measured  as  a 
function  of  the  S-Lar.d  power  supplied  to  the  discharge.  The  results 
are  shown  ir.  Figure  19  for  hydrogen  at  pressures  of  0.  3  and  1.  0  mm  Hg 
for  a  range  of  discharge  power  between  30  and  100  watts. 
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According  to  Figure  19,  the  attenuation  of  the  X-band  signal  depends 
linearly  on  the  power  input  to  the  discharge  plasma.  The  attenuation 
at  0.3  mm  Hg  pressure  is  approximately  30  per  cent  larger  than  for 
1.  0  mm  Hg. 

A  somewhat  similar  result  has  been  obtained  for  the  plasma  of  a  d-c  dis¬ 
charge,  although  in  that  case  a  more  complex  behavior  was  found.  However, 

at  the  higher  d-c  power  levels,  increasing  attenuation  was  observed  with 
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increasing  power  to  the  discharge. 

A  simple  interpretation  of  the  results  presented  In  Figure  19  may  be 

24 

made  on  the  basis  of  the  theory  of  Margcr.au  for  a  high  frequency  dis¬ 
charge,  According  to  the  theory,  the  conduction  of  the  discharge  is 
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proportional  to  the  electron  density  for  constant  electron  temperature  and 
press-ore.  Since  the  attenuation  of  the  X-tar.d  signal  is  directly  proportional 
to  the  conduct?  -  tty  of  the  plasma,  it  follows  from  the  observations  that  the 
relative  electron  density  increases  in  direct  proportion  to  the  S-band 
power  input  to  tr.e  discharge. 

The  problem  remains  to  convert  the  data  giver  in  Figure  19  for  the  relative 
electron  density  to  absolute  values.  To  accomplish  this,  experiments  were 
conducted  with  the  resonant  cavity  method  for  the  purpose  of  establishing 
the  absolute  density  for  at  least  one  power  level  in  the  range  covered  in 
Figure  19. 


C.  Resonant  Cavity  Method 

The  resonant  cavity  method  has  been  used  widely  to  obtain  the  electrical 
characteristics  of  a  gaseous  discharge  plasma.  In  most  instances,  the 
method  has  been  applied  to  d-c  discharge  plasmas  or  to  the  decaying 
plasma  produced  by  a  pulsed  microwave  discharge.  Only  a  limited  use 
of  the  method  has  been  made  for  measuring  the  properties  of  a  CW 
microwave  discharge  of  the  type  used  for  hydrogen  atom  production. 

The  theory  and  techniques  of  tne  cavity  method  are  well  known  and  have 
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been  described  in  detail.  For  the  present  purpose,  the  discharge  tube 
was  passed  through  a  rectangular  resonator  of  the  type  shown  schematically 
in  Figure  20.  The  resonator  was  coupled  to  the  S-band  power  source  by 
means  of  an  adjustable  iris.  Figure  21  is  a  block  diagram  of  the  cavity 
and  test  equipment.  The  discharge  was  operated  on  hydrogen  ot  several 
pressures  nc-ar  1  mm  H g  and  at  power  levels  in  the  range  50  to  107  watts. 
The  Iris  was  adjusted  to  secure  maximum  power  transfer  to  the  discharge. 

Measurements  w  VSWR  in  the  input  line  to  the  cavity  were  made  with  and 
without  the  discharge.  From  these  measurements  were  obtained  the  Q  of 
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the  cavity,  Af  (the  change  :n  resonant  frequency  due  to  the  discharge),  and 

AVSWR  (the  change  in  the  VSWR  at  resonance  caused  by  the  discr.arge). 
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As  shown  by  Udelson,  these  quantities  are  related  to  the  electron  density, 
ne,  and  collision  frequency,  of  the  discharge  according  to  the  equations. 
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Here  e  is  the  electron  charge,  m  is  the  electron  mass,  np  is  the  electron 

density,/?  is  the  coupling  coefficient,  and  F  i6  a  factor  related  to  the 

distribution  of  the  electrons  and  the  electric  field  m  the  discharge  and 
25 

the  cavity.  From  the  ratio  of  equations  (4;  and  i5), 
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The  results  of  the  measurements  utp  summarized  in  Figure  22  and  in 
Table  III,  Figure  22  shows  Af  as  a  function  of  the  power  input  to  the 
discharge.  Over  the  range  of  power  investigated,  Af  varies  linearly 
with  the  power  input.  Measuiemer*s  of  Af  at  lower  levels  could  not  be 
made  because  the  discharge  would  not  operate  st,.bly  for  less  than 
about  50  watts  input  for  pressures  near  1  mm  Hg. 

A  value  of  was  calculated  according  to  equation  (6)  from  the  experi¬ 
mental  data  for  p  =  1.  0  mm  Hg  and  the  maximum  power  input  to  the  dis- 
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CHANGE  IN  RESONANT  FREQUENCY  OF  CAVITY  AS  A 
FUNCTION  OF  POKER  INPUT  TO  DISCHARGE 
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charge  (10?  watts).  The  value  found,  y  *  2.3  x  10  sec  is  less  than 

9  c 

half  of  the  value  5.  9  x  10  wmch  has  beer*  established  for  hydrogen  for 

27 

electrons  with  energies  greater  than  4  ev,  A  second  determination 
of  y  for  p  »  0.  5  mrtl  Hg  and  a  power  input  of  98  watts  gave  ar  almost 

c  9  .,i 

identical  value,  y  =  2.  2  x  10  sec  % 
c 


To  obtain  nefrom  the  experimental  value  of  Af  given  m  Figure  22,  ir  was 
assumed  that  the  r-f  field  in  the  cavity  was  constant  over  the  cross  section 
of  the  discharge  tube.  Witt-  this  assumption,  a  value  of  np  =  4  x  10*  cm 
was  obtained  for  p  ■  1.0  mm  Hg  and  a  power  ir.pu:  of  107  wr  tts.  Unfor¬ 
tunately,  this  result  is  of  doubtful  v<nue  lecause  it  is  outside  the  range 
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for  which  the  resonant  cavity  method  is  applicable.  For  a  frequency 
9  “1 

of  3  x  10  sec  as  used  ir.  the  present  measurements,  the  upper  limit 

of  electron  density  for  which  the  me'hod  is  applicable  is  somewhat  less 
11  -3 

than  10  cm  ,  the  density  required  for  plasma  resonance.  It  is  concluded 
that  the  resonant  cavity  method  Is  not  suitable  for  quantitative  determin¬ 
ation  of  the  electron  density  or  the  collision  frequency  in  a  hjdrogen  dis¬ 
charge  in  the  power  and  pleasure  range  of  interest. 


TABLE  III.  CAVITY  PARAMETERS 


P  •  107  watts,  p  --  I.  0  mm  Hg 
VSWR  (DISCHARGE  ON)  1.5 
VSWR  (DISCHARGE  OFF)  12 
f  »  3007  rac 
Af  -  350  me 
0  =  360 


v.  conclusion's  and  recommendations 

A  satisfactory  correlation  has  teen  obtained  in  the  measurement  of  the 
concentration  cf  atomic  hydrogen  in  partially  dissociated  hydrogen  by 
electron  paramagnetic  resonance  (EPR)  and  ’-e  combination  calorimetric 
methods.  The  EPF.  measurements  of  atom  concentration  were  performed 
by  means  of  a  microwave  standardization  procedure  which  is  especially 
well  adapted  for  measurements  on  gases.  Time  h~s  permitted  only  a 
limited  evaluation  of  the  standardization  procedure.  A  more  extensive 
investigation  of  the  technique  will  be  required  to  determine  the  limits 
of  error. 

New  information  has  been  produced  concerning  the  role  of  water  in  the 
production  of  hydrogen  atoms  in  a  microwave  gaBeous  discharge.  Evi¬ 
dence  has  been  obtained  to  show  that  electrons  and  excited  atoms  or 
molecules  may  be  readily  pumped  from  a  discharge  containing  water 
vapor.  It  is  suggested  that  tect  '.lque-s  utilizing  cyclotron  resonance 
may  be  profitably  employed  to  obtain  a  quantitative  estimate  of  the 
concentration  cf  these  species. 

It  was  found  that  the  conventional  cavity  method  for  measurement  of 
electron  density  is  unsuitable  for  use  with  a  100  watt,  3000  me  CW  dis¬ 
charge  in  hydrogen  because  of  the  high  electron  dens'ty.  It  is  suggested 
that  in  future  work  consideration  be  giveh  to  *he  low  trequency  solenoid 
method. 
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VI.  APPENDIX  A:  A  TECHNIQUE  FOR  EPR  INTENSITY 
STANDARDIZATION 

C.  Milazzo  and  T.  M.  Shaw 

In  principle,  the  determination  of  'he  absolute  number  of  unpaired  electrons 

can  be  evaluated  directly  from  tr.e  observed  EPR  resonance  and  the  elec- 

2 

trical  characterises  of  the  spectrometer.  In  --actice,  this  procedure 
is  rarely  followed,  however,  since  it  has  been  found  more  convenient 
and  possibly  more  accurate  to  employ  a  reference  material  containing 
a  known  number  of  unpaired  electrons.  The  lack  of  a  convenient  and 
s.iblc  reference  standard  for  use  in  the  determination  of  hydrogen  atom 
concentrations  by  EPR  led  to  the  development  of  the  procedure  described 
herein. 


0 
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The  aim  of  the  work  as  to  develop  a  technique  whereby  the  number  of 
unpaired  electrons  in  a  sample  of  paramagnetic  mater. al  might  more  readily  be 
determined  directly  from  measured  electrical  quantities.  The  usual 
microwave  EPR  spectrometer  is  a  highly  sensitive  microwave  receiver 
which  amplifies  an  extremely  small  modul  ted  signal  reflected  from  the 
microwave  cavity  in  which  the  param.igne'ic  substance  is  placed.  This 
reflected  signal  is  due  to  the  change  ir,  the  cavity  Q  caused  by  para¬ 
magnetic  resona  ice.  The  magnitude  of  the  signal  is  given  by 


3 

n 

J 
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j 


1 


AY. 


RS 


2  V  3 
_ XL- 

(3+  1) 
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whtre  is  the  microwave  voltage  applied  to  the  cavity,  p  is  the  cavity 
coupling  i.  ocfftcient,  ts  the  cavity  unloaded  and  AQq  the  change  in 
caused  by  paramagnetic  resonance. 
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Because  of  the  field  modulation  technique  used,  see  Figure  23,  the  change 


in  Q  brought  about  by  the  modulation  superimposed  upon  the  slowly  varying 
d-c  magnetic  field  is, 

AQ{H)  -  AH  ,  (8) 

dH  m 

where  AHm  is  the  peak-to-peak  magnitude  of  the  modulation  and  dQ/dH 
is  the  derivative  of  the  paramagnetic  resonance.  Upon  substitution  of  this 
relationship  in  equation  (7),  one  obtains 
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(9) 


For  linear  detection  and  amplification  in  the  spectrometer  circuits,  the 
recorder  output  is  E^g  »  A  A  V^g  where  A  is  the  total  gain  of  the 
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spectrometer.  To  ostai".  X  \  the  imegtr.ar}  part  of  the  paramagnetic 
susceptibility,  it  is  necessary  to  perform  a  numerical  integration  of  the 
recorder  output  with  the  use  d  equation  (9)  ari  follows. 

From  the  relation  E^<.  =  AAjy-  and  equation  (9) 
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dH  0 
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Integrating  over  the  absorption  line,  one  finds 

,  f  E 


Q(H)  =,  1&+J12  -L 

Wlri;  $  2V  AH 


RS 


m 


A 


dH  +  Q 
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For  small  samples  It  Is  known 


Q(H)  »  3q  (1  -  4»n  ^>’Qo>. 
where  n  is  the  filling  factor. 


(12) 


Equating  (11)  and  (12X  it  follows 


X'W) 


4t>7Q 


I£+Jl 


2v  aii 

o  m 


isa. 


dlL  (13) 


In  order  to  calculate  X''>  i*  *8  necessary  to  know,  in  addition  to  the  cavity 
parameters  q ,  0  and  Qq,  the  gain  A  of  the  system  and  the  applied  voltage, 
VQ.  In  the  technique  devised  here,  the  gain  of  the  system  Is  measured 
by  coupling  a  small  fraction  of  the  voltage,  V  ,  to  an  auxiliary  waveguide 
containing  a  rotating  metal  dipole  (sec  Figure  24).  In  the  auxiliary  guide. 
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Vo  is  still  further  attenuated  before  it  impinges  on  the  dipole.  The  region 
beyond  the  dipole  is  terminated  by  a  matched  load.  The  dipole  is  driven 
by  a  synchronous  motor  from  the  magnetic  field  modulation  source,  and 
the  rotating  dipole  induces  a  small  reflection  which  varies  at  the  modu¬ 
lation  frequency. 

For  a  directional  coupler  coefficient,  k,  attenuator  loss,  a,  and  dipole 
reflection  coefficient,  (peak-to-peak  magnitude),  see  Figure  25,  the 


recorder  output  ia 


Ed„  -  o\2  AI'  V  A_ 
RC  mo 


(14) 


Substituting  the  expression  for  the  gain,  A/rom  equation  (14)  Into  (13)  vleids. 
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X'XH)  = 


I  (B  +  l)3 

W7&0  0 


2.2 
a  k 


or  in  terms  of  the  loaded  Q, 
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"RS 

3RC 
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The  application  of  this  calibration  technique  to  the  measurement  of  hydrogen 
atom  concentration  is  described  in  Section  II-A.  The  system  is  well  adapted 
for  work  with  gases  since  a  single  evaluation  of  the  parameters  q,  0,  is 
sufficient.  For  work  with  gases  such  as  has  been  performed  here,  these 
quantities  need  be  evaluated  only  once  for  the  particular  experimental 
arrangement  since  they  are  not  sensibly  influenced  by  changes  in  gas 
pressure  or  atom  concentration.  The  parameters  for  the  spectrometer 
employed  for  the  measurements  described  in  Section  Jl-A  are  tabulated 
below. 


k  *  0. 105 
B  »  0.  734 
Q»  '  1S45 

U 

r,  "  v.  175 

AF  -  0,  Q343 
m 

The  performance  of  the  caii'r.-ator  was  tested  by  measuring  the  EPR 
absoiptlon  in  a  materia!  containing  a  known  number  of  pusamugneUc 
molecules,  i5  series  of  samples  was  prepared,  e.»ch  containing  a  weigh¬ 
ed  amount  cf  manganous  sulphate  (Ma  S04. 1L.G*  enclosed  in  a  thin  wall 
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Pyrex  tube.  To  obtain  the  EPR  absorption,  each  sample  was  placed  on  the 
axis  of  the  discharge  tube  at  the  center  of  the  EPR  cavity.  The  volume 
of  the  samples  was  sufficiently  small  to  ensure  that  the  entire  sample 
was  exposed  to  essentially  the  maximum  r-f  magnetic  field  within  the 
cavity  and  that  the  loaded  Q  of  the  cavity  was  unchanged  from  the  value 
established  with  the  discharge  tube  alone. 

To  make  a  determination  of  the  number  of  paramagnetic  molecules  in  the 

test  samples,  the  EPR  absorption  derivative  signal  was  recorded  in  the 

usual  fashion  for  conditions  of  negligible  r-f  saturation.  Following  this, 

the  calibrator  attenuator  and  phase  were  adjusted  to  establish  a  calibration 

marker  on  the  recorder  chart.  The  number  of  paramagnetic  molecules 
3 

per  cm  for  each  sample,  K  ,  was  then  obtained  from  the  experimental 
data  in  accordance  with  equations  (1)  and  (2)  and  the  procedure  outlined 
above. 

The  results  of  the  test  with  manganous  sulphate  are  presented  in  Table  IV. 

It  was  found  that  the  average  value  of  Nq  determined  experimentally  is 
approximately  20  per  cent  higher  than  the  theoretical  value.  Examination 
of  the  individual  determinations  shows  that  the  maximum  error  is  associated 
with  the  smallest  sample.  Except  for  this  sample,  the  maximum  discrepancy 
is  about  j0  per  cent.  This  is  considered  satisfactory,  based  on  the  relatively 
large  possible  errors  involved  in  the  microwave  measurements  and  the 
graphical  integration  of  the  EPR  derivative  curves. 


TABLE  IV.  RESULTS  OF  EPR  MEASUREMENTS  ON  MANGANOUS  SULPHATE 


Experiment 

Number 

Weight  of 

MnSO..  H«0 
•  4  2 

No 

(Grams) 

(cm  3) 

h-lO/2 

21.  3  x  10‘3 

0.  98  x  1022 

i— 10/2 

48.6  x  10-3 

1.03  x  1022 

j-10/2 

11.6  x  10~3 

1.46  x  1022 

k— 10/2 

1.4  x  10"3 

1.90  x  1022 

C-10/5  * 

4.  8  x  10"3 

1.12  x  1022 

Average 

T^oTTo27^ 

*Sample  on  outer  face  of  discharge  tube;  field  at  sample  position  calculated 

and  correction  made  to  filling  factor. 

**  22  -3 

(N  )_,  =  1, 05  x  10  cm  based  on  molecular  weight  of  169.0  and  a 

o  i  r»e  o^y  ^ 

density  of  2.95  grams/cm  . 
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